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SOLIDIFIED RARE GASES AND SURFACE PROPERTIES OF MERCURY 
By Anthony M. Schwartz, Alfred H. E l l i s o n ,  
John D. Ga l l igan  and Charles A. Rader 
Abstract  
Three new a r e a s  of fundamental s u r f a c e  chemistry were explored 
i n  t h i s  work. These were: new approaches t o  c o n t a c t  angle  h y s t e r e s i s ,  
t h e  w e t t i n g  of s o l i d i f i e d  r a r e  gas s u r f a c e s  and t h e  e f f e c t  of t r a c e  
metal  i m p u r i t i e s  on t h e  s u r f a c e  p r o p e r t i e s  of mercury. I n  t h e  c o n t a c t  
angle  h y s t e r e s i s  work systems were s tud ied  i n  which s u r f a c e  roughness 
and/or  chemical h e t e r o g e n i t y  were e l imina ted  o r  c o n t r o l l e d  so a s  t o  
o b t a i n  evidence f o r  " i n t r i n s i c "  h y s t e r e s i s .  I n  t h e  second phase of t h e  
work, Argon, Krypton, and Xenon were condensed a s  s o l i d  f i l m s  on metal  
p l a n c h e t s  a t  s u i t a b l e  temperatures  and t h e  spreading of s u i t a b l e  l i q u i d s  
on t h e  s u r f a c e s  observed. I n  t h e  t h i r d  phase of t h e  work, t h e  e f f e c t  of 
trace i m p u r i t i e s  on t h e  s u r f a c e  p r o p e r t i e s  of mercury w a s  observed by 
changes i n  t h e  appearance,  w e t t i n g  by l i q u i d s ,  and s u r f a c e  p o t e n t i a l .  
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SUMMARY 
The work reported here comprised three exploratory investiga- 
tions of new fundamental areas of surface chemistry. The object was 
to obtain exploratory data and to define areas for further study. 
In Task I, the objective was to demonstrate the existence of 
"intrinsic" factors contributing to contact angle hysteresis by new 
approaches in which heterogeneity both physical and chemical were 
eliminated or controlled. Contact angle hysteresis was found to be 
absent where all of the phases were low viscosity fluids. When one of 
the phases was a high viscosity fluid such as polyethylene at its soften- 
ing point, large contact angle hysteresis was observed but this may be a 
non-equilibrium condition. When one of the phases was a rigid solid 
such as polished diamond, substantial hysteresis was observed in spite 
of the fact that light interference measurements showed this surface to 
be smooth and flat. Hysteresis was found to be negligible in the contact 
angles of water on monolayers on mercury. These results along with recent- 
ly published reports in the literature regarding the effect of adsorption 
on contact angles strongly suggest that physical heterogeneity or rough- 
ness is not the only factor in contact angle hysteresis and that hystere- 
sis may also be caused by "intrinsic" factors related to adsorption. 
In Task 11, the object was to observe contact angles of suitable 
liquids on solids in which intermolecular forces were of the simplest 
type. Thus, the rare gases Argon, Krypton, and Xenon were condensed as 
solid films on metal planchets at suitable temperatures and their wetting 
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by s u i t a b l e  l i q u i d s  w a s  observed. The number of l i q u i d s  a v a i l a b l e  f o r  
c o n t a c t  ang le  obse rva t ions  on t h e  t h r e e  r a r e  gas s o l i d s  was l i m i t e d  
s e v e r e l y  by t h e  temperature  requirements of t h e  experiments.  Thus, 
w i t h  Argon (m.p. 84" K ) ,  Ni t rogen (b.p.  78" K ) ,  was used as- t h e  
r e f r i g e r a n t  and t h e  only l i q u i d  a v a i l a b l e  a t  t h i s  temperature  was Oxygen 
(m.p. 55" K; b.p. 91" K) ,  which spread on t h e  s o l i d  Argon. Since l i q u i d  
Oxygen has  a s u r f a c e  t e n s i o n  of approximately 18 dynes/cm one can conclude 
t h a t  t h e  c r i t i c a l  s u r f a c e  t e n s i o n ,  , i s  g r e a t e r  t h a n  18 dynes/cm. 
Krypton (m.p. 116" K) was condensed wi th  Nitrogen a s  t h e  r e f r i g e r a n t  i n  
which case Oxygen was t h e  on ly  l i q u i d  a v a i l a b l e  and i t  spread on t h e  
s o l i d  Krypton. Krypton w a s  a l s o  condensed wi th  methane a s  t h e  r e f r i g e r -  
a n t  (b .p .  112"  K) i n  which c a s e  ethane (m.p. 90"; b.p. 185" K ) ,  butene 
(m.p. 88" K; b.p.  267" K) and Freon 14 (m.p. 89" K;  b.p. 145" K) were 
s u i t a b l e  l i q u i d s ;  however, a l l  d i s so lved  t h e  s o l i d  Krypton o b v i a t i n g  
c o n t a c t  angle  measurements. The only conclusion p o s s i b l e ,  t h e r e f o r e ,  i s  
t h a t  t h e  c r i t i c a l  s u r f a c e  t e n s i o n  of s o l i d  Krypton a t  78" K i s  g r e a t e r  
t h a n  18 dynes pe r  cen t ime te r .  Xenon (m.p. 161" K)  w a s  condensed wi th  
l i q u i d  n i t r o g e n  a s  t h e  r e f r i g e r a n t  i n  which case l i q u i d  oxygen was found 
t o  sp read  on i t  a l s o .  Xenon w a s  a l s o  condensed t o  a s o l i d  wi th  methane as  
t h e  r e f r i g e r a n t  (b.p. 1 1 2 "  K )  i n  which case  ethane was found t 0  d i s s o l v e  t h e  
s o l i d  Xenon a s  i t  had t h e  s o l i d  Krypton. However when Xenon was condensed 
w i t h  Freon 14 (b.p.  145" K)  two l i q u i d s ,  a l l y l  a l coho l  (m.p. 144" K ;  
b , p ,  370" K)  and e thane  t h i o l  (m.p. 125" K ;  b ,p ,  308" K)  formed c o n t a c t  
a n g l e s  w i t h  t h e  s o l i d  Xenon, Unexpectedly, t h e  c o n t a c t  angle of e thane  
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t h i o l  on s o l i d  Xenon w a s  sma l l e r  t han  t h e  c o n t a c t  ang le  of a l l y l  a l coho l  
i n  s p i t e  of t h e  f a c t  t h a t  t h e  l a t t e r  had t h e  lower s u r f a c e  t e n s i o n .  No 
exp lana t ion  f o r  t h i s  r e v e r s a l  i n  t h e  c o n t a c t  angle  s u r f a c e  t e n s i o n  r e l a -  
t i o n s h i p  was found. Thus, t h e  c r i t i c a l  s u r f a c e  t e n s i o n  of s o l i d  Xenon 
i s  g r e a t e r  t han  18 dynes/cm a t  78" K and less  than  36 dynes/cm a t  145" K. 
The Task I11 work involved t h e  e f f e c t  of t r a c e  me ta l  i m p u r i t i e s  
upon t h e  s u r f a c e  p r o p e r t i e s  of Mercury. A f r e s h  s u r f a c e  of Mercury 
undergoes a change wi th  t i m e  t h a t  w a s  followed by t h e  sp read ing  of water 
and benzene on t h e  s u r f a c e  and by t h e  re la t ive  s u r f a c e  p o t e n t i a l .  A f t e r  
a pe r iod  of t ime t h e  s u r f a c e  appears  t o  become s t a t i c  a s  c h a r a c t e r i z e d  
by no f u r t h e r  changes i n  t h e  spreading c h a r a c t e r i s t i c s  of wa te r  and 
benzene o r  of t h e  s u r f a c e  p o t e n t i a l .  These w e t t i n g  and s u r f a c e  p o t e n t i a l  
p r o p e r t i e s  both t h e  change w i t h  time and t h e  f i n a l  e q u i l i b r i u m  v a l u e s a r e  
g r e a t l y  a f f e c t e d  by t h e  presence of t r a c e  amounts, such as 2 ppm of Zinc 
and Lead; Gold had no e f f e c t .  The e f f e c t  i s  almost immediate upon a p p l i -  
c a t i o n  of t h e  contaminant,  The changing s u r f a c e  p r o p e r t i e s  appear t o  be 
due t o  the  adso rp t ion  of gas molecules on t h e  s u r f a c e  f o r  which t h e  
i m p u r i t i e s  a c t  a s  a c a t a l y s t  o r  t o  t h e  presence of impur i ty  molecules 
i n  t h e  s u r f a c e .  
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. INTRODUCTION 
Previous work f o r  t h e  Spacecraf t  Technology Div i s ion  of t h e  
NASA Lewis Research Center c a r r i e d  out a t  t h e  G i l l e t t e  Research 
I n s t i t u t e  involved t h e  determinat ion of c o n t a c t  angle  d a t a  of s e l e c t e d  
l i q u i d s  on s e l e c t e d  s o l i d s  f o r  a p p l i c a t i o n  t o  the  zero g r a v i t y  problem 
of s p a c e c r a f t  tank design.  (1) With t h i s  work completed, i t  w a s  
decided t o  exp lo re  some new a r e a s  of fundamental su r f ace  chemistry of 
probable  f u t u r e  i n t e r e s t  t o  NASA. Three a r e a s  were s e l e c t e d :  new 
approaches t o  t h e  s tudy  of c o n t a c t  angle h y s t e r e s i s ,  c o n t a c t  ang le s  on 
s o l i d i f i e d  r a r e  gas  s u r f a c e s  and the s tudy  of t he  e f f e c t  of t r a c e  metal  
i m p u r i t i e s  upon t h e  s u r f a c e  p r o p e r t i e s  of Mercury. These comprised t h r e e  
separate t a s k s  and are r epor t ed  as such below. 
I n  a d d i t i o n  t o  t h e  writers the  fol lowing people c o n t r i b u t e d  t o  
t h i s  work: M r .  George A. Lyerly,  M r .  Bernard Kidda, and M r .  R .  Bruce 
Klemm. 
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MATERIALS 
Methylene iod ide  - F i s h e r  S c i e n t i f i c  Co., p u r i f i e d  
Water - Double d i s t i l l e d  
Perf luorokerosene - Pen insu la r  Chemresearch, I n c . ,  b d i  
f r a c t i o n  
ing 
n-Hexadecane - Eastman Organic Chemicals Co., p r a c t i c a l  
Vistanex-Polyisobutylene - Enjay Chemical Co., Vistanex LMMS 
Polyethylene g l y c o l  400 - F i s h e r  S c i e n t i f i c  Co., U.S.P. 
Polyethylene - A l l i e d  Chemical Co., Grade 1702 
T r i c r e s y l  phosphate - F i s h e r  S c i e n t i f i c  Co., t e c h n i c a l  grade 
P o l y t e t r a f  l uo roe thy lene  - "Teflon" 
Diamond - I n d u s t r i a l  diamond approx. 1 cm x 0.8 cm x 0 . 2  cm t h i c k .  
Borrowed f o r  t h i s  work from W .  A. Zisman and E. G .  S h a f r i n  
of t h e  Naval Research L a b o r a t o r i e s ,  Washington, D .  C .  
Methanol - F i s h e r  S c i e n t i f i c  Co., reagent  grade 
Tide - P r o c t e r  and Gamble Co., I n c .  
Freon 113 - duPont f luorocarbon s o l v e n t  
Mercury - F i s h e r  S c i e n t i f i c  Co., instrument  grade 
Dodecanoic a c i d  - Eastman Organic Chemical Co., wh i t e  l a b e l  grade 
Tetradecanoic a c i d  - Eastman Organk Chemical Co., wh t e  l a b e l  grac 
Hexadecanoic a c i d  - F i s h e r  S c i e n t i f i c  Co., r eagen t  grade 
e 
Octadecanoic ac id  - Armour and Co.,  Research D i v i s i o n ,  r e sea rch  grade 
Eicosanoic ac id  - Eastman Organic Chemical c o . ,  wh i t e  l a b e l  grade 
1 - Tetradecanol  - Eastman Organic Chemical Co., wh i t e  l a b e l  grade 
1 - Hexadecanol - F i s h e r  S c i e n t i f i c  Co.,  N .  F .  
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. 
M a t e r i a l s ,  continued: 
1 - Octadecanol - Eastman Organic Chemical Co. ,  whi te  l a b e l  grade 
Liquid n i t r o g e n  - A i r  Products ,  Inc .  
Argon - A i r  Products ,  Inc .  
Krypton - Matheson, I n c . ,  r e sea rch  grade 
Xenon - Matheson, I n c . ,  r e sea rch  grade 
Ethane - Matheson, I n c . ,  r e sea rch  grade 
Propane - Matheson, I n c . ,  r e sea rch  grade 
Butene - Matheson, I n c . ,  research grade 
Methane - Matheson, I n c . ,  commercial grade 
Freon 14 - Matheson, I n c . ,  95% by volume 
A l l y l  a l coho l  - F i s h e r  S c i e n t i f i c  Co., reagent  grade 
E thane th io l  - Eastman Organic Chemical Co., wh i t e  l a b e l  grade 
A l l y l  c h l o r i d e  - Eastman Organic Chemical Co., white  l a b e l  grade 
N i t r i c  oxide - Matheson, Inc . ,  99.5% by volume 
Nitrogen gas - A i r  Products ,  I n c . ,  u l t r a  high p u r i t y  grade 
Benzene - F i s h e r  S c i e n t i f i c  Co., reagent  grade 
Gold - F i s h e r  S c i e n t i f i c  Co.,  p u r i f i e d  
Zinc - F i s h e r  S c i e n t i f i c  Co.,  s t i c k s  
Lead - F i s h e r  S c i e n t i f i c  Co. ,  #8 shot 
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TASK I - CONTACT ANGLE HYSTERESIS 
A .  INTRODUCTION 
Contact ang le s  of l i q u i d s  on s o l i d s  u s u a l l y  show h y s t e r e s i s ,  
t h a t  i s ,  t h e  angle  i s  l a r g e r  i f  measured fo l lowing  an advance o f  t h e  
l i q u i d  over t h e  s o l i d  than  i f  measured fol lowing a r e c e s s i o n  of t h e  
l i q u i d  over t h e  s o l i d .  For many y e a r s  c o n t a c t  ang le  h y s t e r e s i s  was 
a t t r i b u t e d  e n t i r e l y  t o  s u r f a c e  roughness ( 2 ) .  More r e c e n t l y  o t h e r  
causes  have been proposed ( 3  - 5) .  It was t h e  o b j e c t  of t h i s  phase of 
t h e  work t o  o b t a i n  a d d i t i o n a l  experimental  evidence f o r  t h e s e  o t h e r  
c o n t a c t  angle h y s t e r e s i s  f a c t o r s  p a r t i c u l a r l y  f o r  t h e  " i n t r i n s i c "  f a c t o r  
proposed by Schwartz, Rader, and Huey (5 ) .  To do t h i s  c o n t a c t  ang le s  
were measured i n  systems where s u r f a c e  roughness was not  a f a c t o r .  Thus 
advancing and r eced ing  c o n t a c t  ang le s  were observed: i n  a l l  f l u i d  sys-  
tems, a s  a f u n c t i o n  of temperature  i n  s o l i d / l i q u i d  systems wherein 
roughness was a c o n s t a n t ,  on a po l i shed  s u r f a c e  of diamond which was 
shown t o  be smooth and f l a t  by l i g h t  i n t e r f e r e n c e  t echn iques ,  and on 
spread organic monolayers on mercury. 
B . EXPERIMENTAL 
Two experimental  t echn iques  were common t o  a l l  f o u r  approaches.  
The f i r s t  was i n  the  measurement of t h e  c o n t a c t  ang le  by t h e  "NRL (Naval 
Research Laboratory) c o n t a c t  ang le  goniometer." One m o d i f i c a t i o n  of i t  
was made because of t h e  p e c u l i a r  requirements  of t h i s  work. The t e l e s c o p e  
was mounted on a micro manipulator  so t h a t  i t  could be moved t r a n s v e r s e l y  
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so as t o  view both s i d e s  of a drop i n  c o n t a c t  w i t h  a s u b s t r a t e  without  
moving t h e  c o n t a c t  angle  system. This  was necessa ry  s i n c e  movement of 
t h e  c o n t a c t  angle  system a s  i s  customary i n  c o n t a c t  angle  measurements 
by t h e  NRL c o n t a c t  angle  goniometer would cause v i b r a t i o n s  i n  t h e  c o n t a c t  
angle  system, probably r e s u l t i n g  i n  a change i n  t h e  advancing angle  o r  
receding angle .  
The o t h e r  technique common t o  a l l  of t h e  h y s t e r e s i s  work was 
a l s o  r e l a t e d  t o  v i b r a t i o n s  i n  t h e  c o n t a c t  angle  system. 
used t o  d e l i v e r  l i q u i d  drops i n  the c o n t a c t  angle  systems were kept  i n  
c o n t a c t  w i th  t h e  drop du r ing  t h e  measurements of advancing and receding 
ang le s  s i n c e  t o  withdraw t h e  syr inge t i p  from t h e  drop would cause a 
v i b r a t i o n  of t h e  drop and a change i n  t h e  advancing o r  receding angle .  
The sy r inges  
S p e c i a l  techniques p e c u l i a r  t o  t h e  fou r  approaches t o  the  c o n t a c t  
ang le  h y s t e r e s i s  work w i l l  be desc r ibed  i n  t h e  appropr i a t e  s e c t i o n s .  
C. PROCEDURES AND RESULTS 
1. Contact Angle H y s t e r e s i s  I n  A l l  F l u i d  Systems 
Liquid s u r f a c e s  are homogeneous; t h u s ,  i t  was of va lue  t o  observe 
t h e  advancing and receding ang le s  i n  a l l  f l u i d  systems. The f i r s t  system 
s t u d i e d  was methylene i o d i d e f w a t e r f a i r .  This  system was chosen because 
it had been s t u d i e d  by previous workers using a d i f f e r e n t  method and t h e  
r e s u l t s  would se rve  a s  a check on our  experimental  s e t -up .  Drops of t h e  
two l i q u i d s  were formed on the t i p s  of sy r inges  and brought i n t o  c o n t a c t  
i n  t h e  f i e l d  of t h e  goniometer t e l e scope .  The system was photographed a s  
- 9 -  
shown in Figure 1 and the contact angle through air measured from the 
photograph. To determine an advancing angle the syringe tips were 
brought closer together to increase the interfacial area or additional 
liquid was added to the drops also increasing interfacial area. 
methods gave the same result. Receding contact angles were obtained 
by reversing the procedure. 
Both 
Although the angle measured in these systems was the angle through 
air it can easily be shown that if this angle does not change the angles 
in the other two phases also do not change. 
When the results checked with literature values additional systems 
were investigated. These were hexadecane/perfluorokerosene/air and 
hexadecane/perfluorokerosene/water. The results are summarized in 
Table I. It can be seen that no contact angle hysteresis is observed 
in these all fluid systems. 
The next series of all fluid systems chosen for study were: 
',-is t anexlwat er/ air, Vis t anex/ po lye thy le ne glycol 4001 air and pol ye thy lene / 
polyethylene glycol 400/air. Vistanex is a highly viscous polyisobutylene 
which at room temperature is a glassy near-solid material. 
glycol 400 is a relatively low viscosity liquid. 
a solid at room temperature; however, at 118" C it undergoes a transition 
to a glassy semi-solid similar to but more viscous than Vistanex. These 
systems were chosen to investigate the transition region between liquid/ 
liquid systems which show no contact angle hysteresis and liquid/solid 
systems which show substantial contact angle hysteresis. 
Polyethylene 
Polyethylene is of course 
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The experimental set-up used for these contact angle measure- 
The glassy semi-solid was either a poly- ments is shown in Figure 2. 
ethylene planchet cut from rodstock and given a smooth flat surface by 
pressing against a glass surface heated to the softening point of the 
polyethylene, or a Teflon cup filled to the brim with Vistanex. The 
specimens were placed in a jacketed optical cell for temperature 
control and drops of the polyethylene glycol 400 were delivered to 
these surfaces from amicrosyringe. 
No quantitative contact angle data were obtained for the systems 
containing Vistanex because the water or polyethylene glycol 400 tended 
to sink into the Vistanex surface and no steady state contact angle was 
observed. 
With the polyethylene/polyethylene glycol 400/air system advancing 
and receding contact angles were observed at room temperature and at 
intervals up to the softening point of the polyethylene. The results 
are summarized in Table 11. It can be seen that the same moderate amount 
of contact angle hysteresis is observed from 25 to 100" C .  However, as 
the polyethylene planchet undergoes a transition from an opaque white 
solid to a glassy semi-solid when the air temperature in the cell is 118" 
contact angle hysteresis increases. Attempts were made to continue the 
observations to higher temperatures with the idea that the viscosity of 
the polyethylene would decrease and the contact angle hysteresis would 
disappear. However, the viscosity of the polyethylene decreased only 
slowly as the temperature was further raised and it showed signs of 
chemical decomposition before the desired low viscosity could be reached. 
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When drops of polyethylene glycol 400 were left in contact with 
polyethylene at 118" for long periods of time and then removed a de- 
pressed area on the surface of the polyethylene could be seen where the 
liquid drop had been resting. This suggested that the data reported 
in Table I1 might not be equilibrium data even though no distortion of 
the polyethylene surface could be detected in the time period of these 
experiments. Since the data for the systems involving a highly viscous 
phase may not be equilibrium data the large hysteresis observed, although 
highly interesting, must be labeled as an anamolous effect. 
2. The Effect of Temperature on Contact Angle Hysteresis 
The "intrinsic" hysteresis factor concept incorporates the idea 
of a layer of immobilized adsorbed liquid molecules on the solid surface. 
The possibility therefore existed that increasing the temperature would 
increase the mobility of this layer and reduce hysteresis. It was of 
course not known a t  what temperature mobility could be produced; thus 
these experiments would be significant only if a positive result was 
obtained. That is, if increasing the temperature caused a decrease in 
hysteresis good evidence for an intrinsic factor would be obtained; 
however, if increasing the temperature did not decrease the hysteresis 
this would not necessarily rule out the intrinsic factor. 
The following systems were used to observe the effect of tempera- 
ture on contact angle hysteresis: tricresylphosphate/Teflon/air, methylene 
iodide/Teflon/air and water/Teflon/air. The results are summarized in 
Table 111. It can be seen that contact angle hysteresis does not change 
with temperature; in fact, it is remarkably constant 
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3. Contact Angle H y s t e r e s i s  on Pol ished Diamond 
The a v a i l a b i l i t y  of a h igh ly  po l i shed  i n d u s t r i a l  diamond made 
p o s s i b l e  t h e  obse rva t ion  of con tac t  angle  h y s t e r e s i s  on a h i g h l y  smooth 
and f l a t  s u r f a c e .  The smoothness and f l a t n e s s  of t h i s  s u r f a c e  was 
v e r i f i e d  by l i g h t  i n t e r f e r e n c e  techniques us ing  t h e  Do-All appa ra tus .  
Cleaning methods f o r  t he  diamond s u r f a c e  involving a b r a s i o n  o r  
washing wi th  s t r o n g  c l e a n i n g  a c i d s  had t o  be avoided s i n c e  they  would 
probably d e s t r o y  t h e  smoothness of t h e  s u r f a c e .  A l t e r n a t i v e  so lven t  
t r e a t m e n t s  may sometimes leave r e s idues  i n  which case  t h e  homogenity 
of t h e  s u r f a c e  would be i n  ques t ion .  It was, t h e r e f o r e ,  decided t o  
c l e a n  t h e  s u r f a c e  u s i n g  t h r e e  m i l d  c l e a n i n g  agen t s  w i th  the  idea  t h a t  
i f  r e s i d u e s  were l e f t  t hey  could be de t ec t ed  by measurement of water  
c o n t a c t  ang le s .  Contact angle  r e s u l t s  f o r  t h e  t h r e e  c l e a n i n g  procedures 
a r e  shown i n  Table I V .  Since e s s e n t i a l l y  t h e  same advancing and receding 
c o n t a c t  ang le  f o r  water  on diamond was ob ta ined  a f t e r  each of t h e  t h r e e  
c l e a n i n g  procedures  i t  i s  concluded t h a t  no r e s i d u e s  a r e  l e f t  and t h e  
a n g l e s  a r e  a c t u a l l y  diamond/water/air  ang le s .  It i s  a l s o  t o  be noted 
t h a t  t h e r e  was s u b s t a n t i a l  c o n t a c t  angle  h y s t e r e s i s  of t h e  water  c o n t a c t  
a n g l e .  
Table V summarizes c o n t a c t  angle  d a t a  f o r  wa te r ,  g l y c e r i n e ,  and 
methylene iod ide  on a po l i shed  diamond s u r f a c e .  These d a t a  show t h a t  
s u b s t a n t i a l  c o n t a c t  angle  h y s t e r e s i s  i s  observed wi th  l i q u i d s  o t h e r  t han  
w a t e r .  Although t h e r e  i s  s t i l l  the p o s s i b i l i t y  of a c e r t a i n  amount of 
s u r f a c e  h e t e r o g e n i t y  even wi th  t h i s  h igh ly  smooth and f l a t  diamond s u r f a c e  
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t h e  d a t a  do p o i n t  s t r o n g l y  t o  t h e  e x i s t e n c e  of o t h e r  causes  of c o n t a c t  
angle  h y s t e r e s i s .  
Since t o  our  knowledge t h i s  was t h e  f i r s t  c o n t a c t  ang le  d a t a  
on diamond a Zisman p l o t  of t h e  d a t a  was made. Th i s  i s  shown i n  
F igu re  111 and i n d i c a t e s  a c r i t i c a l  s u r f a c e  t e n s i o n  va lue  of 40.4 dynes 
p e r  c m .  
4 .  Hys te re s i s  of Contact Angles of Water on Monolayers on Mercury 
Contact ang le s  of water on monolayers of s t r a i g h t  c h a i n  p o l a r  
m a t e r i a  s such a s  s t e a r i c  a c i d  on s o l i d  s u b s t r a t e s  show h y s t e r e s i s  ( 3 ,  6 ) .  
I n  t h e s e  s t u d i e s  t h e  c o n t r i b u t i o n  t o  t h e  h y s t e r e s i s  of s u r f a c e  roughness 
could not be a s ses sed  because of t h e  d i f f i c u l t y  of d e f i n i n g  t h e  rough- 
nes s  of a s o l i d  s u r f a c e .  
on monolayers spread on mercury, two o b j e c t i v e s  would be accomplished. 
F i r s t ,  t h e  unknown e f f e c t  of s u b s t r a t e  roughness would be e l i m i n a t e d  
and, second, t h e  h y s t e r e s i s  could be s t u d i e d  a s  a f u n c t i o n  of molecular  
packing i n  t h e  monolayer. The l a t t e r  r e q u i r e s  t h a t  t h e  f i l m  be spread 
i n  a mercury f i l m  balance ( 7 ) .  
By s tudy ing  h y s t e r e s i s  of water  c o n t a c t  ang le s  
A l i n e  drawing showing t h e  p r i n c i p a l  components of t h e  appa ra tus  
i s  shown i n  Figure 4 .  The appa ra tus  i s  a commercially a v a i l a b l e  Cenco 
hydrophi l  balance w i t h  a l u c i t e  p l a s t i c  i n s e r t  t o  reduce t h e  volume of 
mercury necessary t o  f i l l  t h e  t rough and a l s o  t o  prevent  c o n t a c t  between 
t h e  mercury and t h e  metal  t rough.  
of 1 m i l  Mylar f i l m  a s  desc r ibed  by E l l i s o n  ( 7 )  i s  used. F igu re  4 shows 
t h e  mic rop ipe t t e  w i th  a c a p i l l a r y  d e l i v e r y  t i p  a t t a c h e d  t o  a micro 
A s u r f a c e  b a r r i e r  and f l o a t  system 
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manipulator ,  t h e  goniometer t e l e scope ,  and t h e  lamp f o r  i l l u m i n a t i n g  
t h e  c o n t a c t  angle  system. I n  a t y p i c a l  experiment,  t h e  mercury s u r f a c e  
i s  swept c l e a n  w i t h  s u r f a c e  b a r r i e r s  on both s i d e s  of t h e  balance f l o a t ,  
t h e  monolayer i s  spread from benzene s o l u t i o n  on t h e  l e f t  hand s i d e  of 
t h e  balance f l o a t  and then  t h e  water c o n t a c t  ang le ,  f i l m  p r e s s u r e  and 
f i l m  a r e a  a r e  recorded a t  i n t e r v a l s  a s  t h e  f i l m  i s  compressed. 
I n  t h i s  work, i t  was necessary t o  know t h a t  t he  water drop was 
s i t t i n g  on t h e  monolayer and d i d  not d i s p l a c e  t h e  monolayer and s i t  on 
t h e  mercury. The fo l lowing  shows how t h i s  was accomplished. 
F i r s t ,  i t  i s  necessary t o  understand t h e  compressional c h a r a c t e r -  
i s t i c s  o r  t h e  s u r f a c e  p re s su re -a rea  r e l a t i o n s h i p  f o r  t h e s e  monolayers on 
mercury. A l l  of t h e  n -a lky l  a c i d s  and a l c o h o l s ,  from C12 t o  C ~ O  show 
t h e  same type of p re s su re -a rea  curve.  This  i s  shown i n  Figure 5. A s  
t h e s e  f i l m s  a r e  compressed, t h e  curve of s u r f a c e  p re s su re  v s .  a r e a  p e r  
molecule r e f l e c t s  f i r s t  a packing of t h e  molecules i n  a h o r i z o n t a l  o r i e n t a -  
t i o n ,  i . e . ,  l y i n g  f l a t  on the  su r face ;  and then  a cons t an t  p re s su re  r eg ion  
i n  which t h e  molecules a r e  presumed t o  be r e o r i e n t i n g  t o  t h e  v e r t i c a l  
o r i e n t a t i o n  ( 7 ) ;  and then  a second i n c r e a s e  i n  p re s su re  a s s o c i a t e d  wi th  
packing of t h e  molecules i n  t h e  v e r t i c a l  o r i e n t a t i o n .  The response of 
t h e  c o n t a c t  angle  i n  t h e  c o n s t a n t  p re s su re  r eg ion  of t h e  p re s su re -a rea  
curve l abe led  7, is  i n d i c a t i v e  of whether t h e  monolayer i s  in t e rposed  
between t h e  water  and t h e  mercury or  n o t .  The two cases  a r e  shown 
schemat i ca l ly  i n  F igu re  6 .  I n  case  1 where t h e  monolayer i s  in t e rposed  
between t h e  water  and t h e  mercury the c o n t a c t  angle  changes a s  t he  mole- 
c u l e s  pack t o g e t h e r  and p resen t  a su r face  of i n c r e a s i n g  hydrophobici ty .  
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I n  case  2 t h e  water i s  not s i t t i n g  on t h e  monolayer but  r a t h e r  on t h e  
mercury su r face  and t h e  c o n t a c t  angle  i s  determined by t h e  p i s t o n  f i l m  
a c t i o n  of t he  monolayer surrounding i t .  Since i n  t h i s  r eg ion  t h e  p r e s -  
s u r e  i s  cons t an t  t h e  c o n t a c t  angle  does not change. 
A s  i n d i c a t e d  above, both types  of behavior were observed. 
F igu re  7 shows t h e  cos ine  8 - pres su re  and cos ine  8 - a r e a  r e l a t i o n s h i p s  
f o r  t h e  s t e a r i c  a c i d  monolayer. It can be seen t h a t  t h i s  i s  case  2 .  
Cosine 8, and o f  course 8 a l s o ,  i s  cons t an t  i n  t h e  n c  region.  
A l s o ,  i n  the cosine 8 - f i l m  p re s su re  p l o t  t h e r e  i s  no i n d i c a t i o n  
of a changing con tac t  angle  a t  t h e  cons t an t  p r e s s u r e ,  n c .  With 
t e t r a d e c a n o i c  a c i d ,  however, t h e  corresponding curves shown i n  F igu re  8 
show a change i n  cos ine  e ,  and t h e r e f o r e  e ,  a s  the molecular packing 
changes i n  t h e  c r i t i c a l  p re s su re  r eg ion  and l i kewise  a change i n  c o s i n e  8 
a t  t h e  c r i t i c a l  p re s su re  po in t  i n  t h e  c o s i n e  e - f i l m  p r e s s u r e  r e l a t i o n -  
s h i p .  This i s  case  1. 
The behavior of t h e  homologous C 1 2 ,  c14 ,  C16, C18 and C z 0  a c i d s  as w e l l  as 
t h a t  of t he  C 1 4 ,  c16 and C18 a l c o h o l s  w a s  observed. It was found t h a t  
i n  both s e r i e s  t h e  c16 and h ighe r  members followed t h e  c a s e  2 behavior  
wh i l e  t h e  C14 and lower members followed t h e  c a s e  1 behavior .  
probable  exp lana t ion  of t h e  d i f f e r e n c e  i n  behavior  of t h e  lower and h ighe r  
members of t h e s e  s e r i e s  i s  t h e  d i s p l a c i n g  a b i l i t y  of t h e  m a t e r i a l s  r e l a -  
t i v e  t o  water.  A p o s s i b l e  measure of t h i s  i s  t h e  e q u i l i b r i u m  spreading 
p r e s s u r e ,  n e ,  of t he  m a t e r i a l s .  The e q u i l i b r i u m  sp read ing  p r e s s u r e  
of a m a t e r i a l  i s  the spontaneous sp read ing  p r e s s u r e  generated by a 
A very 
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monolayer i n  e q u i l i b r i u m  w i t h  an excess of t h e  m a t e r i a l  a t  a given 
temperature .  This  i s  a two dimensional analog of vapor p r e s s u r e .  This  
w a s  measured f o r  t h e  v a r i o u s  n -a lky l  a l c o h o l s  and a c i d s  and found, a s  
expected,  t o  i n c r e a s e  w i t h  a decrease i n  molecular weight.  The measured 
v a l u e s  a r e  summarized i n  Table 6 .  
d i s p l a c e  water  and t h e  c16 homologs do n o t ,  w e  would expect  t h e  e q u i l i -  
brium spreading p r e s s u r e  f o r  water  t o  l i e  between the e q u i l i b r i u m  
p r e s s u r e s  of t h e s e  two m a t e r i a l s .  Our method of measuring e q u i l i b r i u m  
sp read ing  p r e s s u r e ,  p l a c i n g  an amount of t h e  m a t e r i a l  i n  excess  of t h e  
monolayer amount on t h e  c l e a n  su r face  of mercury i n  a f i l m  balance and 
obse rv ing  the  p r e s s u r e  gene ra t ed ,  cannot be used f o r  v o l a t i l e  m a t e r i a l s  
such as wa te r .  We t h e r e f o r e  searched t h e  l i t e r a t u r e  and found two v a l u e s  
r e p o r t e d  and t h e s e  are given i n  T a b l e  6 .  The agreement between t h e s e  two 
v a l u e s  i s  s a t i s f a c t o r y  cons ide r ing  t h e  d i f f i c u l t y  of t h e  measurement. 
The v a l u e  t h a t  would be p r e d i c t e d  on t h e  b a s i s  of our  r e l a t i v e  displacement 
p i c t u r e  would l i e  between t h e s e  two l i t e r a t u r e  v a l u e s .  Th i s  i s  considered 
good support  f o r  t h e  r e l a t i v e  displacement exp lana t ion .  
Since t h e  C 1 4  a c i d  and a l coho l  
Since good r easons  have been given f o r  b e l i e v i n g  t h a t  t h e  water  
d r o p l e t  s i t s  on a t e t r a d e c a n o i c  ac id  monolayer on mercury we cah u s e  
t h i s  system f o r  our  c o n t a c t  ang le  h y s t e r e s i s  measurement. 
done n e g l i g i b l e ,  l e s s  t han  2", h y s t e r e s i s  was observed i n  t h e  water  
c o n t a c t  angle  over a wide range of molecular packing. Although no c o n t a c t  
a n g l e  h y s t e r e s i s  w a s  observed i n  these  experiments a nega t ive  r e s u l t  i s  
i nconc lus ive .  Apparently even t h e  c l o s e  packed monolayer of t e t r a d e c a n o i c  
When t h i s  was 
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a c i d  on mercury i s  not  s o l i d  o r  s u f f i c i e n t l y  s o l i d  t o  immobilize t h e  
f i r s t  l aye r  of water i n  c o n t a c t  w i t h  it.. 
D. DISCUSSION 
The work wi th  t h e  a l l  f l u i d  systems of low v i s c o s i t y  shows t h a t  
i n  the  absence of p h y s i c a l  and chemical s u r f a c e  heterogenei ty ,  con tac t  
ang le  h y s t e r e s i s  i s  a l s o  absen t .  The work on t h e  e f f e c t  of temperature  
on c o n t a c t  ang le  h y s t e r e s i s  f a i l e d  t o  provide evidence f o r  an " i n t r i n s i c "  
f a c t o r  but such nega t ive  evidence i s  inconc lus ive .  Contact ang le s  of 
water on monolayers on mercury a l s o  f a i l e d  t o  provide evidence f o r  an 
" i n t r i n s i c "  h y s t e r e s i s  f a c t o r  but aga in  such nega t ive  evidence i s  
inconc lus ive .  
The l a r g e  h y s t e r e s i s  observed i n  t h e  c o n t a c t  ang le s  of l i q u i d s  
on a pol ished s u r f a c e  of diamond i s  s t r o n g  evidence f o r  an " i n t r i n s i c "  
f a c t o r .  The s u r f a c e  of t h i s  diamond was h igh ly  smooth and f l a t  accord- 
i n g  t o  the  l i g h t  i n t e r f e r e n c e  obse rva t ions  and s i n c e  i t  i s  a s i n g l e  
c r y s t a l  i t s  s u r f a c e  should be n e a r l y  homogeneous from t h e  chemical s t and-  
p o i n t .  Since r ecen t  l i t e r a t u r e  (8)  suppor t s  t h e  view of a s t r o n g l y  
adsorbed monolayer of t h e  l i q u i d  on t h e  s o l i d  i n  a l i q u i d l s o l i d  system 
showing a f i n i t e  c o n t a c t  ang le ,  i t  i s  v e r y  probable  t h a t  a l a r g e  h y s t e r e s i s  
i n  t h e  con tac t  ang le  of l i q u i d s  on po l i shed  diamond was caused a t  l e a s t  
i n  p a r t  by an " i n t r i n s i c "  f a c t o r .  
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E. CONCLUSION 
Clear, unambiguous experimental  evidence f o r  an " i n t r i n s i c "  
f a c t o r  i n  c o n t a c t  ang le  h y s t e r e s i s  was not  found; however, s t r o n g  
support  f o r  an " i n t r i n s i c "  f a c t o r  i s  provided by t h e  l a r g e  h y s t e r e s i s  
observed i n  t h e  c o n t a c t  ang le s  o f  l i q u i d s  on po l i shed  diamond. 
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TASK 11. THE WETTING OF SOLIDIFIED RARE GASES 
A. INTRODUCTION 
A theory which pe rmi t s  c a l c u l a t i o n  of s o l i d  s u r f a c e  energy i s  
a v a i l a b l e .  The a p p l i c a t i o n  of t h i s  t heo ry  t o  t h e  s u r f a c e  energy of 
s o l i d i f i e d  rare gases  has  been made and t h e  r e s u l t s  should be a c c u r a t e  
because of t h e  r e l a t i v e l y  simple in t e ra tomic  f o r c e s  involve8 ( 9 ) .  The 
c a l c u l a t e d  s u r f a c e  e n e r g i e s  were i n  t h e  range 16-42 A t h e o r e t i c a l  
comparison has  been drawn between s o l i d  s u r f a c e  energy and c r i t i c a l  
s u r f a c e  t ens ion  (10) .  However a d d i t i o n a l  experimental  d a t a  i s  needed. 
Thus t h e  o b j e c t  of t h i s  Task I1 work w a s  t o  o b t a i n  d a t a  on t h e  c r i t i c a l  
s u r f a c e  t e n s i o n  of s o l i d i f i e d  r a r e  gases .  
cm 
The r a r e  gases  chosen f o r  s tudy  were those  t h a t  could be s o l i d i -  
f i e d  w i t h  t h e  r e a d i l y  a v a i l a b l e  r e f r i g e r a n t ,  l i q u i d  n i t r o g e n ,  and a l s o  
p re sen ted  no hazard.  These,  t hen ,  were Argon, Krypton, and Xenon. The 
sea rch  f o r  commercially a v a i l a b l e  m a t e r i a l s  t h a t  were l i q u i d  a t  b o i l i n g  
n i t r o g e n  temperature produced on ly  one m a t e r i a l ,  oxygen. Thus i t  was 
necessary t o  work a t  h i g h e r  temperatures  where p o s s i b l e  and experiments 
were done wi th  Krypton a t  b o i l i n g  methane temperature  and wi th  Xenon a t  
b o i l i n g  Freon 14 temperature .  Ethane, 1-butene,  n i t r i c  oxide,  and 
Freon 14 a r e  s u i t a b l e  f o r  w e t t i n g  Krypton a t  b o i l i n g  methane temperature .  
A l l y l  a l coho l ,  e t h a n e t h i o l ,  and a l l y l  c h l o r i d e  are  l i q u i d  a t  b o i l i n g  
Freon 14 temperature.  
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B. PROCEDURES AND RESULTS 
A po l i shed  s t e e l  p l anche t  was cooled t o  t h e  d e s i r e d  temperature  
i n  an i n e r t  atmosphere, and t h e  given r a r e  gas w a s  introduced by means 
of a d e l i v e r y  tube t e r m i n a t i n g  j u s t  above t h e  s u r f a c e  of t he  p l anche t .  
I n  a s h o r t  time a s o l i d  f i l m  of t h e  r a r e  gas was v i s i b l e  on t h e  s u r f a c e  
of t h e  s t e e l  p l anche t .  The d e l i v e r y  t i p  f o r  t h e  r a r e  gas w a s  removed 
and r ep laced  w i t h  a s imilar  one f o r  d e l i v e r y  of t h e  l i q u i d  whose c o n t a c t  
ang le  was t o  be observed. This  m a t e r i a l  l i q u i f i e d  i n  the  d e l i v e r y  tube 
and f e l l  g e n t l y  on t h e  s o l i d i f i e d  r a r e  gas s u r f a c e .  The appa ra tus  f o r  
c a r r y i n g  out  t h e s e  experiments i s  shown i n  Figure 9. 
The f i r s t  experiments were done w i t h  l i q u i d  n i t r o g e n  a s  t h e  
r e f r i g e r a n t .  It was thought t h a t  the temperature  of t h e  s t e e l  p l anche t  
i n  t h i s  appa ra tus  would be a few degrees h ighe r  t han  the  r e f r i g e r a n t  
t h u s  p e r m i t t i n g  a c o n t a c t  angle  obse rva t ion  w i t h  propane. However, when 
propane w a s  added t o  t h e  s u r f a c e  i t  s o l i d i f i e d  i n s t a n t l y .  The only e a s i l y  
a v a i l a b l e  l i q u i d  f o r  w e t t i n g  s t u d i e s  a t  l i q u i d  n i t r o g e n  temperature  
proved t o  be oxygen, which remains l i q u i d  a t  temperatures  w e l l  below t h e  
b o i l i n g  p o i n t  of n i t r o g e n .  Oxygen w a s  t h e r e f o r e  used a s  t h e  t e s t  l i q u i d  
i n  t h e  above experiment.  It spread t o  zero c o n t a c t  angle  on a l l  t h r e e  
s o l i d i f i e d  r a r e  gas s u r f a c e s .  
The next  group of experiments was done w i t h  methane as t h e  r e f r i -  
g e r a n t .  
a c o l d  f i n g e r  c h i l l e d  w i t h  l i q u i d  n i t r o g e n  and c o l l e c t i n g  t h e  l i q u i d  
methane i n  a Dewar f l a s k .  The l i q u i d s  a v a i l a b l e  a t  methane temperature  
A supply of l i q u i d  methane w a s  ob ta ined  by pass ing  t h e  gas over 
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were ethane,  propane, butene,  n i t r i c  oxide,  and Freon 14. The spreading 
of each of t h e s e  except n i t r i c  oxide was observed on Krypton and Xenon 
but  v a l i d  c o n t a c t  ang le s  could not be obtained because t h e s e  l i q u i d s  
a t t a c k e d ,  t h a t  i s ,  d i s s o l v e d ,  t h e  s o l i d  Krypton and Xenon s u r f a c e s .  
N i t r i c  oxide d i d  no t  condense a s  a l i q u i d  but deposi ted on t h e  c e l l  
w a l l s  as a wh i t e  f r o s t y  s o l i d  con ta in ing  blue patches.  This  behavior 
sugges t s  t h a t  i t  r e a c t e d  wi th  r e s i d u a l  oxygen i n  t h e  system t o  form a 
mixture of n i t r o g e n  d iox ide  combined wi th  t h e  n i t r i c  oxide.  
The next m a t e r i a l  used a s  a r e f r i g e r a n t  was Freon 14. Although 
some a d d i t i o n a l  hydrocarbons were l i q u i d s  a t  Freon 14 temperature they  
were no t  used because it was expected t h a t  they would be s o l v e n t s  f o r  
t h e  s o l i d  Xenon. P o l a r  l i q u i d s  were sought and t h r e e  were found. These 
were: a l l y l  a l c o h o l ,  a l l y l  c h l o r i d e ,  and e t h a n e t h i o l .  The a l l y l  c h l o r i d e  
was found t o  be a good so lven t  f o r  t h e  Xenon; however, a l l y l  a l coho l  and 
ethane t h i o l  d i d  not  wet nor a t t a c k  t h e  Xenon s u r f a c e  and t h e i r  c o n t a c t  
ang le s  were measured. A l l  of t h e  spreading r e s u l t s  a r e  summarized i n  
Table 7 .  
C .  DISCUSSION 
This e x p l o r a t o r y  work showec t h a t  i t  i s  e n t i r e l y  f e a s i b l e  t o  
condense r a r e  gases  a s  s o l i d  f i l m s  and observe t h e i r  w e t t i n g  by s u i t a b l e  
l i q u i d s .  I n  the  r e l a t i v e l y  simple appa ra tus  used, however, where tempera- 
t u r e s  were l i m i t e d  by the  a v a i l a b i l i t y  of a s u i t a b l e  r e f r i g e r a n t  t h e  
number of l i q u i d / s o l i d  c o n t a c t  angle  systems t h a t  could be s t u d i e d  was 
extremely small .  I n  a more e l a b o r a t e  a p p a r a t u s ,  however, comprising 
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perhaps h e a t e r s  and temperature c o n t r o l l e r s ,  temperatures  in t e rmed ia t e  
between those  of t h e  r e f r i g e r a n t  l i q u i d s  could be obtained and t h i s  
would make a v a i l a b l e  s e v e r a l  more l i q u i d s .  
A s u r p r i s i n g  r e s u l t  was t h a t  t he  c o n t a c t  ang le s  of e thane  . t h i o l  
and a l l y l  a l coho l  on s o l i d  Xenon were i n  t h e  r e v e r s e  of what would be 
expected on t h e  b a s i s  of t h e i r  su r f ace  t e n s i o n s .  The c o n t a c t  ang le s  
were double-checked as were t h e  s u r f a c e  t ens ions .  I n  t h e  l a t t e r  case, 
t h e  s u r f a c e  t e n s i o n  v a l u e s  t h a t  were determined checked ve ry  c l o s e l y  
w i t h  those  c a l c u l a t e d  frorn su r face  t e n s i o n  v a l u e s  a t  h ighe r  temperature  
t aken  from t h e  l i t e r a t u r e .  Thus no exp lana t ion  can a t  p r e s e n t  be o f f e r e d  
f o r  t h e  r e v e r s a l  i n  t h e  c o n t a c t  ang le s .  
On t h e  b a s i s  of t h e  l i m i t e d  d a t a  a v a i l a b l e  i t  can be s a i d  t h a t  
t h e  c r i t i c a l  s u r f a c e  t e n s i o n s  of Argon, Krypton, and Xenon a r e  g r e a t e r  
t han  18 dynes p e r  cm a t  78" K. F u r t h e r ,  t h e  c r i t i c a l  s u r f a c e  t e n s i o n  of 
Xenon a t  145" K i s  less than  36 dynes pe r  cm. 
D. CONCLUSION 
The c a l c u l a t e d  s u r f a c e  ene rg ie s  of the s o l i d  rare gases  a r e  i n  
t h e  range 16 - 4 2 . y .  
t h e  c o n t a c t  ang le  d a t a  r epor t ed  above a r e  of t h i s  magnitude bu t  more 
a c c u r a t e  d a t a  would be necessa ry  t o  t e s t  t h e  hypothesis  of i d e n t i t y  
between c r i t i c a l  s u r f a c e  t e n s i o a  and s u r f a c e  energy. 
( 9 ) .  The c r i t i c a l  s u r f a c e  t e n s i o n s  e s t ima ted  from ern 
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TASK 111. THE EFFECT OF IMPURITIES UPON 
UPON THE SURFACE PROPERTIES OF MERCURY 
A .  INTRODUCTION 
It has  been r epor t ed  (11) t h a t  t h e  formation of v i s i b l e  s u r f a c e  
f i l m s  o r  scum on l i q u i d  mercury i s  r e l a t e d  t o  t h e  presence of d i s so lved  
m e t a l l i c  i m p u r i t i e s  i n  mercury. Previous work showed t h a t  such a s u r f a c e  
f i l m  i n t e r f e r e d  with f i l m  balance s t u d i e s  of o rgan ic  monolayers on mer- 
cu ry  ( 7 ) .  It i s  p o s s i b l e  t h a t  t h i s  s u r f a c e  f i l m  would a l s o  a f f e c t  t h e  
w e t t i n g  of s o l i d s  by mercury as r epor t ed  i n  an e a r l i e r  NASA r e p o r t  ( 1 ) .  
The experimental  o b j e c t i v e  was t o  observe the  changes i n  t h e  
w e t t i n g  p r o p e r t i e s  and s u r f a c e  p o t e n t i a l s  of mercury upon a d d i t i o n  of 
t r a c e  amounts of metals .  Thus t h e  spreading of water  and benzene on pure 
and t r a c e  metal  contaminated mercury w a s  s tud ied .  Surface p o t e n t i a l  
measurements on these  mercury s u r f a c e s  were made by t h e  r a d i o a c t i v e  
e l e c t r o d e  technique.  
B. EXPERIMENTAL 
The a t t a inmen t  of t h e  o b j e c t i v e  of t h i s  work r equ i r ed  t h a t  reagent  
grade m a t e r i a l s  be used, t h a t  t he  experiments be c a r r i e d  out  i n  a c o n t r o l l e d ,  
reproducible  atmosphere, and t h a t  a l l  appa ra tus  c o n t a c t i n g  the  mercury be 
c l e a n  wi th  r e spec t  t o  both o rgan ic  and ino rgan ic  o r  m e t a l l i c  r e s i d u e s .  
A small  r e c t a n g u l a r  Pockels  t rough wi th  a c a p a c i t y  of about 
500 g Hg was f a b r i c a t e d  from P l e x i g l a s .  Trough frame p i e c e s  and sweeping 
b a r r i e r s  were made from 0.001" Mylar f i l m  a f t e r  F a h i r  (12) and E l l i s o n  ( 7 )  
and were supported by b r a s s  b a r s .  Th i s  appa ra tus  wi th  t h e  below desc r ibed  
s u r f a c e  p o t e n t i a l  measuring e l e c t r o d e  i n  p l a c e  i s  shown i n  F igu re  10. 
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S m a l l  l i q u i d  drops (.005 m l  o r  5 A ) were app l i ed  t o  the  mercury 
s u r f a c e s  from mic rop ipe t t e s .  
Su r face  p o t e n t i a l s  were measured a f t e r  Bewig (13) ,  u s ing  a radium 
i o n i z a t i o n  e l e c t r o d e  ob ta ined  from U. S.  Radium Corporat ion and a Kie th l ey  
Model 610 B e l e c t r o m e t e r  coupled t o  a Sargent  Model MR po ten t iome t r i c  
r e c o r d e r .  An Eppley C a t .  No. 100 standard c e l l  provided a c a l i b r a t i o n  
v o l t  age. 
The mercury t rough w a s  cleaned p r i o r  t o  each run by r i n s i n g  w i t h  
s t r o n g  n i t r i c  a c i d ,  followed by copious amounts of d i s t i l l e d  water .  
For  obse rva t ions  of l i q u i d  spreading,  t h e  trough was f i l l e d  wi th  
mercury, i t s  s u r f a c e  swept, and the  sp read ing  l i q u i d s  were app l i ed  t o  t h e  
mercury s u r f a c e  a s  a s e r i e s  of drops a t  time i n t e r v a l s .  Seve ra l  types 
of sp read ing  behavior  were observed. The f i r s t ,  r e f e r r e d  t o  Selow stiln:)?y 
as "Spreading," vas  when a small d rop le t  of l i q u i d  spread t o  a l a r g e ,  
f l a t  l e n s ;  and, 3 s  i t  -.va?n:at.?d, i n t e r f e r e n c e  f r i n g e ?  formzLl ~i-c~*-in.l Lhe 
p e r i p h e r y  of t h e  drop. Since t h e  d r o p l e t s  qu ick ly  evaporated,  success ive  
t e s t i n g s  of t h e  mercury su r face  could be made a s  c l o s e  a s  1 5  seconds 
a p a r t  i n i t i a l l y  a f t e r  sweeping. A second s t a g e  r e f e r r e d  t o  belod a s  
"low drop" w a s  when t h e  drop formed a low c o n t a c t  angle  wi th  the  mercury 
s u r f a c e  but  d i d  no t  spread f u r t h e r  and never d i s p l a y e d  i n t e r f e r e n c e  f r i n g e s .  
The t h i r d  s t a g e  r e f e r r e d  t o  below a s  "high drop" was when a high c o n t a c t  
a n g l e  drop was observed when l i q u i d  was touched t o  t h e  mercury s u r f a c e .  
For s u r f a c e  p o t e n t i a l  obse rva t ions ,  t h e  Pockels  trough w a s  f i l l e d  
w i t h  mercury, t h e  s u r f a c e  was swept, and t h e  s u r f a c e  p o t e n t i a l  recorded 
as a f u n c t i o n  of s u r f a c e  aging t i m e .  
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Impur i t i e s  were added t o  mercury i n  t h e  t rough predisso lved  i n  
1 m l  of mercury t o  form 2 ppm s o l u t i o n s  i n  t h e  t rough.  
The mercury was cleaned f o r  r e -use  by a c i d  washing, followed by 
d i s t i l l a t i o n  a f t e r  Gordon and Wichers (11). 
C. RESULTS 
1. Water and benzene sp read ing  
The sp read ing  behavior  of water and benzene on f r e s h l y  swept 
d i s t i l l e d  mercury s u r f a c e s  changed as t h e  s u r f a c e  aged a f t e r  sweeping. 
Table  V I 1 1  summarizes t h e  obse rva t ions  f o r  both l i q u i d s  on d i s t i l l e d  
mercury and on mercury c o n t a i n i n g  2 ppm d i s so lved  t race metal (Au, Pb, 
o r  Zn) i m p u r i t i e s .  The sp read ing  behavior  of mercury c o n t a i n i n g  2 ppm 
Au appa ren t ly  p a r a l l e l e d  t h a t  of d i s t i l l e d  mercury. The e f f e c t  o f  2 ppin Pb 
i n  t h e  mercury w a s  t o  reduce t h e  t ime t h a t  both water  and benzene would 
con t inue  to  spread on a f r e s h l y  swept s u r f a c e .  The benzene r e s u l t  w a s  
c o n t r a d i c t o r y  i n  t h a t  benzene d i d  no t  form a h igh  drop up t o  20 minutes '  
s u r f a c e  aging, whereas t h e  h i g h  drop d i d  form a t  20 minutes '  s u r f a c e  aging 
on d i s t i l l e d  mercury. Th i s  c o n t r a d i c t i o n  sugges t s  t h a t  t h e  l e a d  contami- 
na t ed  mercury s u r f a c e  reached some e q u i l i b r i u m ,  whereas t h e  d i s t i l l e d  
mercury surface cont inued t o  change. No sp read ing  w a s  observed f o r  e i t h e r  
water o r  benzene on t h e  z inc  contaminated mercury s u r f a c e ,  a l though 
benzene showed a 1o.d drop i n i t i a l l y .  
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2. Surface P o t e n t i a l s  -- -
The spreading  experiments i nd ica t ed  t h a t  some su r face  change oc- 
cu r red  upon aging and i t  was d e s i r a b l e  t o  c h a r a c t e r i z e  t h i s  change by o t h e r  
means. A cont inuous obse rva t ion  of t h e  changing su r face  was d e s i r a b l e .  
Measurement of t he  su r face  p o t e n t i a l  w a s  chosen f o r  t h i s  purpose.  The 
e f f e c t  of su r f ace  aging on su r face  p o t e n t i a l  i s  shown i n  F igure  11 f o r  d i s -  
t i l l e d  and contaminated mercury. The Figure  shows t h a t  t h e r e  i s  a change i n  
p o t e n t i a l  wi th  t h e  su r face  aging of each mercury system. The p o t e n t i a l  
reaches  a v i r t u a l l y  cons t an t  va lue  w i t h i n  s e v e r a l  minutes ,  t h e  exac t  t ime 
depending on t h e  s p e c i f i c  system. Although both l i q u i d  spreading  and 
s u r f a c e  p o t e n t i a l  shoa t h a t  t he  su r faces  change w i t h  t ime,  it i s  appa ren t ly  
n o t  t r u e  t h a t  any p a r t i c u l a r  degree of w e t t a b i l i t y  i s  a s s o c i a t e d  w i t h  any 
p a r t i c u l a r  p o t e n t i a l .  
Another way t o  demonstrate  t h e  e f f e c t  of added meta l  impuri ty  
on t h e  su r face  p o t e n t i a l  of mercu ry ,  which a l s o  i n d i c a t e s  t h e  time 
response ,  i s  t o  add t h e  impur i ty  t o  uncontaminated mercury whi le  record ing  
t h e  p o t e n t i a l .  The r e s u l t s  of t h i s  type  of experiment a r e  shoan i n  
F i g u r e  1 2 .  The f r e s h l y  swept su r face  of Uncontaminated mercury w a s  
a l lowed t o  age u n t i l  t h e  s teady  su r face  p o t e n t i a l  was reached,  and then  
t h e  contaminant metal, p red isso lved  i n  a small  amount of mercury a t  a 
c o n c e n t r a t i o n  t o  g ive  2 ppm. a f t e r  a d d i t i o n ,  w a s  added. The a d d i t i o n  
w a s  made t o  a r eg ion  of t h e  mercury s u r f a c e  sepa ra t ed  by a s u r f a c e  b a r r i e r  
from t h e  r eg ion  where t h e  su r face  p o t e n t i a l  was being measured, so t h a t  
t h e  contaminant could not  reach t h i s  l a t t e r  r eg ion  by d i f f u s i n g  along 
t h e  s u r f a c e .  The r e su l t s  show t h a t  t h e  s u r f a c e  p o t e n t i a l  responds 
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r a p i d l y  t o  t h e  a d d i t i o n  of z i n c ;  t h u s  t h e  s u r f a c e  p o t e n t i a l  changes by 
aboqit 0.800 v o l t s  w i t h i n  about one minute fol lowing t h e  a d d i t i o n  of t h e  
z inc .  When l e a d  was added t o  t h e  mercury, a s imi l a r  r e s u l t  was ob ta ined .  
A n e g l i g i b l e  change i n  p o t e n t i a l  w a s  observed follojlring the  a d d i t i o n  of 
gold.  
When t h e  z i n c  contaminated mercury surEace was swept t o  observe 
s u r f a c e  aging (Figure l l),  a locJer p o t e n t i a l  (+0.225V) w a s  ob ta ined .  
Sweeping the  s u r f a c e  of l ead  o r  gold contaminated mercury s o l u t i o n s  gave 
no s i g n i f i c a n t  change i n  t h e  observed p o t e n t i a l .  
3 .  Mercuri  Surf ace f i e a r a n c e  -- 
The s u r f a c e  l u s t e r  of a l l  t h e  mercury systems was t h e  saTe and 
---- -------- 
no v i s i b l e  changes of t h e  undis turbed  s u r f a c e s  occurred upon aging.  
However, upon sweeping, i t  w a s  apparent  t h a t  s u r f a c e  f i l m s  had formed 
on the  mercury s u r f a c e s  t o  an  e x t e n t  dependent on t h e  contaminant.  I n  
t h e  c a s e  of l ead -  o r  zinc-contaminated mercury, t h e  s l i g h t e s t  conpress ion  
of t h e  s u r f a c e  by means o f  t h e  sweeping b a r r i e r  caused v i s i b l e  wr ink l ing .  
With d i s t i l l e d  mercury and gold contaminated mercury, a s l i g h t ,  g r e y i s h  
pojlrdery r e s idue  c o l l e c t e d  i n  f r o n t  of t h e  sweeping b a r r i e r ,  bu t  no coherent  
s u r f a c e  f i l m  was formed a s  was noted i n  t h e  c a s e  of z inc -  and l ead -  
contaminated mercury. Repeated sweeping of  t h e  s u r f a c e  O E  z inc -  
contaminated mercury caused a gradual  d iminut ion  i n  t h e  amount of s u r f a c e  
f i l m  c o l l e c t e d .  With lead-contaminated mercury,  t h e  amount of s u r f a c e  
f i l m  c o l l e c t e d  wi th  r epea ted  sweeping appeared not t o  d imin i sh .  However, 
i t  i s  p o s s i b l e  t h a t  t he  same e f f e c t  would occur  w i t h  l ead  a s  w i t h  z i n c ,  
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i f  a g r e a t e r  number of sweeps were used. Observat ions on l i q u i d  spread- 
i n g  and p o t e n t i a l  were c o n s i s t e n t  with t h e  v i s u a l  obse rva t ions .  
r epea ted  sweeping of zinc-contaminated mercury s u r f a c e s  causes  t h e s e  
p r o p e r t i e s  t o  change i n  a d i r e c t i o n  towards c l e a n  mercury. Also i n  
keeping wi th  t h e  v i s u a l  obse rva t ions ,  t h e s e  s u r f a c e  p r o p e r t i e s  of lead-  
contaminated mercury shoved no observable  change w i t h  r epea ted  s u r f a c e  
sweeping . 
Thus, 
D. DISCUSSION 
The change i n  t h e  observed s u r f a c e  p r o p e r t i e s  of uncontaminated 
mercury w i t h  t i m e  i s  be l i eved  t o  involve an e q u i l i b r a t i o n  of t h e  f r e s h  
s u r f a c e  wi th  t h e  gas phase r a t h e r  than an e q u i l i b r a t i o n  from a dynamic 
t o  s t a t i c  s u r f a c e .  Thus, some component ( o r  components) of t h e  gas phase 
cou ld  be adsorbing on t h e  mercury s u r f a c e  and changing the  w e t t i n g  and 
s u r f a c e  p o t e n t i a l  p r o p e r t i e s .  Although t h e  gas phase i n  t h e s e  experiments 
was n o n i n a l l y  d ry  n i t r o g e n ,  no conclusion can be reached r ega rd ing  t h e  
adsorbed component s i n c e  even extremely l o v  concen t r a t ions  of less  i n e r t  
coxponents,  such a s  oxygen, carbon d iox ide ,  and p o s s i b l y  v o l a t i l e  o rgan ic  
mat ter ,  could provide s u f f i c i e n t  m a t e r i a l  t o  r a p i d l y  sa tura te  t h e  mercury 
s u r f a c e .  
The important  o b s e r v a t i o n  maade i n  t h i s  work i s  t h a t  c e r t a i n  
m e t a l l i c  i m p u r i t i e s  i n  t r a c e  amounts have a l a r g e  e f f e c t  on t h e  observed 
s u r f a c e  p r o p e r t i e s .  Whether t h e  e f f e c t  on s u r f a c e  p r o p e r t i e s  i s  due s o l e l y  
t o  t h e  adso rp t ion  of t h e  metal  impurity atoms a t  t h e  mercury/gas i n t e r f a c e  
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o r  a combination of metal  impuri ty  adso rp t ion  and gas  adso rp t ion  cannot 
be deduced from t h e  p r e s e n t l y  a v a i l a b l e  d a t a .  That a d s o r p t i o n  of t h e  
metal  impuri ty  atoms a c t u a l l y  occurs  i s  shown by t h e  f a c t  t h a t  r epea ted  
s u r f a c e  sweeping of zinz-contaminated mercury g radua l ly  e l i m i n a t e s  t h e  
e f f e c t  of t he  z i n c .  A comparison of t h e  non-swept s u r f a c e  p o t e n t i a l  
curve s h o m  i n  t h e  f i n a l  p o r t i o n  of F igu re  1 2  ( a f t e r  t h e  a d d i t i o n  of 
z i n c ) ,  with the  swept s u r f a c e  p o t e n t i a l  curve shoan i n  F i g u r e  11 
(Zn, 2 ppm) i l l u s t r a t e s  t h e  sweeping e f f e c t .  The adsorbed metal  impuri ty  
a t o m  could be a d s o r p t i o n  s i t e s  f o r  gas phase components o r  they could 
be c a t a l y s t s  f o r  t h e  a d s o r p t i o n  of gas  phase componznts on s u r f a c e  mer- 
c u r y  atoms o r  bo th .  
The ''pure'' o r  uncontaminated mercury used i n  t h i s  work was p u r i f i e d  
t o  a ve ry  high degree.  Hodever, i t  may s t i l l  c o n t a i n  some t r a c e  impuri-  
t i e s .  Since t h e  a d d i t i o n  of 2 ppm. of z i n c  o r  l ead  has  such a l a r g e  
e f f e c t ,  i t  would appear t h a t  t h e  l e v e l  of such "ac t ive"  t race i m p u r i t i e s  
would be somewhat belovJ t h e  ppm l e v e l .  It i s  t h e r e f o r e  p o s s i b l e  t h a t  even 
more h igh ly  p u r i f i e d  mercury might remain h y d r o p h i l i c  f o r  a longer  pe r iod  
of  t ime and have a d i f f e r e n t  s u r f a c e  p o t e n t i a l .  
The sp read ing  experiments i n d i c a t e  t h a t  t h e  s u r f a c e  of both 
uncontaminated mercury and contaminated mercury become non-wettable by 
water and benzene, t h e  d i f f e r e n c e  being t h a t  t h e  contaminated mercury 
becomes non-wettable i n  a much s h o r t e r  t i m ? .  It i s  e v i d e n t  t h a t  a f i l m  
forms on the s u r f a c e  i n  both c a s e s .  On t h e  o t h e r  hand, t h e  f i n a l  s t eady  
s t a t e  su r face  p o t e n t i a l  of the  uncontaminatpd and contaminated mercury 
a r e  very d i f f e r e n t .  Th i s  i n d i c a t e s  t h a t  t h e  two f i l m s  m2y d i f f e r  chemical ly  
- 30 - 
a s  w e l l  as p h y s i c a l l y .  
ques t ions .  
Add i t iona l  work i s  necessa ry  t o  r e s o l v e  t h e s e  
k 
E. CONCLUSION 
C e r t a i n  metal  i m p u r i t i e s  i n  t r a c e  q u a n t i t i e s  e x e r t  a l a r g e  e f f e c t  
on t h e  s u r f a c e  p r o p e r t i e s  of mercury. The behavior  can be l i kened  t o  
t h e  behavior  of s u r f a c t a n t s  i n  ga t e r .  
- 31 - 
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System 
TABLE I ---- 
ADVANCING AND RECEDING CONTACT ANGLE MEASUREMENTS 
Equil. Contact Angles .-----I. - 
Advancing Receding Hysteresis 
Degrees I Degrees Degrees 
Methylene iodide/water/air 150 150 0 
Perfluorokerosene/ 
Hexadecane/air 175 174 1 
Perfluofokerosene/ 
Hexadecane/water 166 164 2 
TABLE I1 
EFFECT OF TEMPERATURE ON CONTACT ANGLE HYSTERESIS 
FOR THE POLYETHYLFNE/POLYETHYLENE GLYCOL 400 /AIR SYSTEM 
Temperature 
O C  
25 
50 
7 5  
100 
118 
118 
118 
118 
Contact Angles 
Advancing, Receding, 
Degrees Degrees 
56 5 1  
56  50 
59 5 1  
61 5 1  
62  51 
66 46 
65 35 
68 24 
Hysteresis 
Degrees 
5 
6 
8 
10 
11 
20  
30 
44 
TABLE I11 
System 
EFFECT OF TEMPERATURE ON CONTACT ANGLE HYSTERESIS 
Poly(tetrafluoroethylene)/ 
Tricresyl Phosphate/air 
Equilibrium Contact Angles 
Temperature Advancing Receding Hysteresis 
("C) (degrees) (degrees) (degrees) 
25 
Poly(tetrafluoroethylene)/ 5 0  
Methylene Iodide/air 75  
100 
25 76  54 22 
50  78  54  24  
7 5  78 53 25 
100 78 53 25 
125  79  55 24  
150  8 1  56  25 
25 
Poly( tetraf luoroethylene) / 50 
water 1 air 75 
90  
90 
90 
90 
90 
118 
117 
117 
118 
62 
64 
64  
64  
98 
98 
9 6  
9 6  
28 
2 6  
26 
26  
20 
19 
2 1  
22 
EFFECT OF CLEANING AGENT ON WATER CONTACT 
ANGLES ON POLISHED D I A M 3 N D  
Cleaning 
Agent-- 
Tide 
Me than o 1 
Freon 113 
Equi l ibr ium Contact  Angles 
Advancing Rece d i n g  Hy s t e re s i s 
(degrees)  (degrees)  (degrees) - 
53 21  32 
59 26 33 
59 27 32 
TABLE V 
-II_ 
EQUILIBRIUM CONTACT ANGLES FOR VARIOUS LIQUIDS 
ON POLISHED DIAMOND CLEANED W I T H  MEHTANOL 
Equ i l ib r ium Con tac t  Angles  
L i q u i d s  
Water 
G l y c e r o l  
Methylene I o d i d e  
Advancing Receding H y s t e r e s i s  
(degrees)  (deg rees )  Ldegrees )  
59 26 3 3  
49 20 29 
33 21 1 2  
TABLE VI 
Mat e r i a 1 
Water (Harkins) 
Water (Kemball) 
Dodecanoic Acid 
1-Tetradecanol 
Tetradecanoic Acid 
1 -Hexadecanol 
Hexadecanoic Acid 
1-Octadecanol 
Octadeconoic Acid 
Eicosanoic Acid 
EQUILIBRIUM SPREADING PRESSURE ON 
MERCURY AT 25°C 
(dynes/crn) 
>32  
46 
44.5 
41.5 
42 
39 
40 
35  
35  
32  
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THE SPREADING OF WATER ANT) BENZENE ON 
CLEAN AND CONTAIMINATED MERCURY 
Mercury I n i t i a l  T i m e  t o  T i m e  t o  
System Liquid E f f e c t  "Low Drop" ''High Drop" 
D i s t i l  l e d  water  spreading 2 min. 2.5 min. 
19 min. 20 min. 1 1  benzene 
2 ppm. Au water  
benzene 
2 ppm. Pb water 
benzene 
2 min. 2.5 min. 
19 min. 20 min. 
I t  
I t  
1 1  3 
6 min. 30 sec .  I 1  
7 min. > 20 min. 
2 ppm. Zn water high drop -- -- 
benzene low drop -- 2 min. 
1. Low con tac t  angle  drop. 
2 .  High con tac t  angle  drop. 
3 .  The l o w  c o n t a c t  angle  drop p e r s i s t e d  and t h e  experiment was t e rmina ted  
a f t e r  20 minutes.  
FIGURE 1 
L i q u i d / L i q u i d / A i r  Contact  Angle Apparatus  
A - Water 
B - Methylene I o d i d e  
C - A i r  
D - Syr inge  T ips  
FIGURE 2 
Semi-solid/Liquid/Air Contact Angle Apparatus 
A - Micromanipulator 
B - Microsyringe 
C - Thermometer 
D - Thermostated Cell 
E - Polyethylene Planchet 
G - Goniometer Telescope 
- Hoses for Circulating 
Silicone Fluid 
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F I G U R E  9 - APPARATUS FOR CONTACT ANGLES ON S O L I D  RARE GASES 
EXHAUST 
GASES 
/ 
L I Q U I D S  
NITROGEN SWEEP- 
GAS I N L E T  
DELIVERY TUBE FOR 
RARE GASES OR 
HALF-SILVERED 
DEWAR FLASK 
REFRIGERANT 
L I Q U I D  
S T E E L  
PLANCHET 
MERCURY FOR 
THERMAL CONTACT 
FIGURE 10 
Mercury Trough With S u r f a c e  P o t e n t i a l  E l e c t r o d e  
A - R a d i o a c t i v e  E l e c t r o d e  E - P l e x i g l a s s  Trough 
B - E l e c t r o d e  R e f l e c t i o n  F - Mylar Frame For  Trough 
C - Pla t inum Wire G - Mylar F i l m  B a r r i e r s  
D - "Teflon" Suppor t s  H - Mercury S u r f a c e  
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